Targeted mass spectrometry (MS) approaches have tremendous promise for specific, reproducible and quantitative measurement of changes in the levels of proteins, peptides, and modified peptides of interest to biologists and biomedical researchers ([@B1][@B2]--[@B3] and references therein). Adoption of targeted MS to study biological and clinical questions is well underway in the biomedical community with the assumption being that the measurements made using targeted MS methods are reliable, that is that they specifically identify and quantify the analytes targeted in a sample. In the field of proteomics, umbrella terms like "multiple reaction monitoring", "selected reaction monitoring" (MRM[^1^](#G1){ref-type="fn"} and SRM, respectively; terms used interchangeably), "absolute quantification" and "targeted MS" can convey the erroneous message that the results are unquestionably correct with respect to what is being detected and how much is present. This is certainly not true, and is dependent on the extent to which the measurements have been analytically validated.

The most widely used targeted MS approach at present is MRM ([@B1][@B2]--[@B3]). Unlike discovery proteomics experiments in which full-scan MS/MS spectra are collected, in MRM only three to five fragment ions per-precursor are monitored, typically on triple quadrupole MS systems, the most widely available MS instruments in clinical and drug metabolism laboratories. The fragment ions monitored are generally those that are most abundant rather than those that are most sequence informative; as a result there is little-to-no sequence information in MRM data. Furthermore, in complex matrices like plasma, tissue or cell lysates, peptides with the same or similar precursor mass-to-charge ratio (*e.g.* ±1.5 in *m*/*z*) to an analyte of interest can give rise to many and sometimes all of the three to five fragment ions monitored for a specific analyte, resulting in false positives. Therefore, it is essential that other information be used to increase confidence in assignment and quantification in targeted MS experiments.

In contrast to the long and well developed history of MS-based assay development for small molecules, drugs and metabolites ([@B3][@B4][@B5][@B6][@B7][@B8][@B9]--[@B10]), consensus on what performance criteria are essential to define for peptide and protein assay development has yet to be achieved. This has led to a range of problems that continue to plague the development of reliable proteomic assays for both clinical and biological studies. For example, currently, a wide range of criteria are being applied in the proteomics community to assert that an assay has been successfully developed and that analytes of interest are being confidently detected and changes in their levels reliably quantified. Proteomics scientists are only slowly implementing practices in targeted, quantitative assay development that have been learned and adopted by the small molecule community ([@B11][@B12]--[@B13]). Equally troubling is that targeted-MS papers are being published without clear and complete documentation of the analytical methods used or the assay performance, making it difficult if not impossible for reviewers and readers to have confidence that the tests work as intended to apply the tests described in their own labs with an expectation that similar results can be achieved. Therefore, we assert that strong, consensus guidance must be developed addressing quality assay development, if targeted proteomics is going to have the impact we all desire it to have, providing accurate, reliable assays of known performance metrics that can be widely distributed and applied by many labs worldwide.

To begin to address the problems and their solutions, a workshop was held June 18 and 19, 2013 at the National Institutes of Health under the auspices of the National Cancer Institute (CPTAC - Clinical Proteomic Tumor Analysis Consortium) and National Heart, Lung, and Blood Institute (Proteomics Centers). Representatives from the multiple communities developing and employing targeted assays were present, including *in vitro* diagnostic companies, clinical laboratories, labs specializing in quantitative assay development for candidate biomarker verification and biology-focused labs. Investigators with long experience in the application of targeted MS methods for quantification of small molecules were invited to provide a review of the decades of practice and application of MRM in small molecule quantification, providing a foundation to principles that are equally applicable to the proteomic applications under discussion.

Speakers and participants were asked to use a "fit-for-purpose" approach by identifying the analytical goals of their experiments and then to describe the performance characteristics required for success ([@B14][@B15][@B16][@B17][@B18]--[@B19]). Based on the goals of the measurements, we next sought to identify the experimental evidence (*i.e.* the "analytical validation" steps) needed to establish that the assays reported are working as intended and are achieving the required levels of performance (including the test\'s repeatability, reproducibility, limits of detection, analytical specificity, etc.). Computational and statistical tools useful for the analysis of targeted MS results, including generation of response/calibration curves, determination of limits of detection and quantification (LOD and LOQ, respectively), were discussed. This process led to the identification of three "Tiers" of assays/measurements that are described in detail, below.

Participants were also asked to identify what information authors need to provide in their manuscripts to enable reviewers and readers to clearly understand what procedures were performed and to evaluate the reliability of the peptide or protein quantification measurements reported. We present a summary of those recommendations, below. As follow-on to the workshop and this report, *Molecular and Cellular Proteomics* intends to develop guidelines for authors of papers describing development and/or application of targeted MS methods. The need for establishing guidelines for authors parallels the situation in discovery proteomics before 2004 when similar issues relating to lack of ability to ascertain reliability of published results prompted the journal *Molecular and Cellular Proteomics* to develop and adopt the first set of guidelines for publication of peptide and protein identification data using mass spectrometry ([@B20]). These guidelines, which have been repeatedly revised and updated over the past several years ([@B21][@B22]--[@B23]), have been embraced in whole or in part by other proteomics journals. The goal then, as it is now, was to try to ensure that reliable, high quality data and results are entering the proteomics literature.

### The Three Tiers of Targeted MS Measurements

The group identified three tiers of targeted MS assays/measurements based on the intended purpose of the measurements ("fit for purpose" concept) and then worked to define the extent of analytical validation required in each Tier ([Table I](#TI){ref-type="table"}). A list of speakers, presentations, and discussion groups is available in [supplemental Materials](http://www.mcponline.org/cgi/content/full/M113.036095/DC1).

### Tier 1

Andy Hoofnagle, University of Washington and Russell Grant, Laboratory Corporation of America led the discussion around Tier 1. The goals of developing and applying Tier 1 assays are to (1) provide accurate, precise, clinically actionable information for medical practitioners or (2) inform decision-making in the development of drugs for human use. In pharmaceutical applications the goals include quantifying proteins targeted by therapeutics, assessment of target engagement (free, complex, total) in preclinical and proof of concept studies, and measurement of mechanistic, protein biomarkers that are proximal to the target/site of action to examine pharmacodynamics. Depending on the use of the assay data, these tests may need to meet the requirements of the Clinical Laboratory Improvement Amendments of 1988 (CLIA), the US Food and Drug Administration (FDA), or the European Medicines Agency (EMA) (for example, see [@B24], [@B25]). Guidance from these agencies and accrediting organizations, as well as those from the Clinical and Laboratory Standards Institute (<http://www.clsi.org>) continues to evolve and be clarified, especially for newer approaches in protein analysis, like targeted MS. These changes and clarifications are driven, in part, through dialog and interaction among the pharmaceutical, diagnostic companies, and regulatory agencies all working to improve assay quality when it pertains, even indirectly, to the care of patients (for example, see [@B26]). The goal is to provide complete, high-quality data for review for regulatory purposes.

The use of stable isotope-labeled internal standards provides the highest level of detection confidence and measurement precision in targeted MS experiments ([@B26][@B27][@B28][@B29][@B30][@B31][@B32][@B33][@B34][@B35][@B36][@B37][@B38][@B39][@B40][@B41]--[@B42]). This approach, adopted from the field of small molecule quantitative analysis, is known as Stable Isotope Dilution ([@B43], [@B44]). In Tier 1, best practice would dictate the use of stable isotope-labeled internal standards for each target analyte. Labeled analog proteins can also be used as internal standards if properly characterized and validated. Internal standards are ideally included to control for the fate of analytes through the analytical process, which enables more precise quantification. Assay precision can be strongly affected by variations in sample processing, especially by the enzymatic digestion conditions used ([@B31], [@B45], [@B46]). Good precision can only be obtained when these conditions are carried out reproducibly. Peptide concentrations are derived by measurement of the peak area ratios of one or more of the fragment ions from the labeled internal standard and the endogenous peptide. Stable isotope-labeled peptides provide this added measure of confidence as they (1) co-elute with the targeted analytes, (2) fragment to yield the corresponding, mass-shifted peptide backbone fragment ions, (3) have (in the absence of interference) identical relative abundances of the fragment ions as the endogenous peptide, and (4) compensate for ion suppression and poor spray stability ([@B47][@B48][@B49][@B50]--[@B51]). Ion suppression is an insidious problem caused by other matrix components (lipids and other small molecules, peptides, salts, etc.) that co-elute and compete with the analyte of interest for ionization. Ion suppression results in a decrease in the ion current detected for the same amount of analyte analyzed from different samples. Ideally, the internal standard has the same structure as the analyte and co-elutes with the analyte, thereby experiencing the same matrix-induced suppressive effects as the analyte. So while the sensitivity (ion counts) for detection of analyte and internal standard both decrease as a result of suppression, the ratio of analyte to internal labeled standard (provided the signals for both are well above the noise) is unaffected. This is a key point, as quantification is based on measurement of the observed ratios using precursor-product ion pairs (called transitions) that have been shown to be free of interference. Although monitoring of three or more transitions is standard practice, only one of the transitions need be used for quantification (provided it is interference-free), while the other monitored ions are used for confirmation of identity and to detect interferences. It is also acceptable to sum all monitored transitions for quantification provided none have significant interference and have signals that are well above the noise.

Accurate quantification is generally a goal of Tier 1 assays. Quantification with labeled tryptic peptide standards alone provides high measurement precision, but not accuracy for quantifying proteins, because the standards do not account for differences in proteolytic cleavage efficiency (variable depending on peptide/protein, and often much less than 100%), nor are these standards subject to all of the sample preparation and cleanup steps as the peptides derived from the proteins ([@B31], [@B43], [@B51]). Labeled proteins, when available, or "extended peptides" or "winged-peptides" having 2--6 amino acids of native flanking sequence at the N- and C termini of the tryptic peptide analyte can be added at the start of sample processing to serve as more robust internal standards for normalization and move closer to precise and accurate quantification ([@B42], [@B46], [@B52][@B53][@B54]--[@B55]). However, it is important to note that the use of even a labeled recombinant protein standard does not guarantee measurement accuracy. Establishing how accurate an assay is requires considerable additional work, including constructing calibration curves and demonstration of spike-recovery within an accepted tolerance in a closely matched matrix with a protein standard that is as identical as possible to the native protein analyte present in the sample. Equivalency of behavior of the surrogate protein to that of the native protein analyte must be demonstrated to provide confidence that the assay is accurate. These requirements pertain whether the assay is MS-based or a conventional immunoassay ([@B17]). For MS-based assays the availability and use of a uniformly isotope-labeled internal standard protein to control for digestion and other matrix-associated issues is also required. In many, if not most cases, this ideal scenario cannot be achieved due to lack of the necessary reagents. So, while assays can be made repeatable and reproducible, true accuracy will often remain an elusive goal even for Tier 1 assays.

The results of an analytically demanding series of experiments, carried out using well-defined sets of acceptance criteria, need to be presented to regulatory agencies and in publications to enable the quality of the assay to be assessed. In addition to identifying the analytes being targeted (an obvious and common feature to all three Tiers), the specific matrix in which the measurements are to be made must be defined as the assay may not be acceptable for use in an alternate matrix type. Multiple assay validation criteria are typically applied to build required confidence and acceptability of the assays, and include measurements of assay precision, accuracy, specificity, analytical sensitivity, including LOD, limit of the blank (LOB), and lower limit of quantification (LLOQ), linearity, and parallelism ([@B24][@B25]--[@B26]). Response curves and calibration curves (as described above) are generated for each analyte in the relevant matrices to establish these performance metrics. Testing for the presence of interferences is carefully evaluated in the presence of hemolysis, jaundice, lipemia, etc. using different sources of the preferred matrix (*e.g.* plasma from different individuals or patients), alternate sample types (serum and plasma), alternate counter ions in sample collection (K2 EDTA and Li Heparin plasma etc.), using multiple reference standards, via transition ratio monitoring of multiple transitions per peptide. The purity of the internal standards and calibrator materials used must be established, generally by liquid chromatography and amino acid analysis (AAA). The influence of various analytical variables such as source of enzyme, duration of digestion, etc. on assay performance is evaluated, as is carryover from injection-to-injection. Most of these parameters, as well as overall LC-MS instrument performance, are evaluated on a within-day and day-to-day and week-to-week level to assess stability of assay performance. Guidance documents on each aspect of the process are available from the CLSI (<http://www.clsi.org>). Furthermore, quality control samples with known or previously measured analyte concentration are typically analyzed alongside the samples to ascertain assay performance during routine use. Beyond establishing assay performance, evidence of clinical utility must also be provided for assays used in the diagnostics area. For examples illustrating development of Tier 1 assays, see references [@B30], [@B41], [@B42], [@B53].

### Tier 2

Brad Ackerman, Eli Lilly, and Susan Abbatiello, Broad Institute led the discussion of goals and requirements for Tier 2 assays. Tier 2 assays are developed to measure changes in the expression levels of proteins, peptides, and modifications such as phosphorylation resulting from perturbations such as drug treatment and disease for nonclinical purposes ([@B28][@B29][@B30][@B31][@B32][@B33][@B34][@B35][@B36][@B37][@B38][@B39][@B40][@B41][@B42]--[@B43], [@B46], [@B51][@B52][@B53]--[@B54], [@B61]). Samples may be model systems such as cell lines or non-human animals or patient-derived materials including tissues and biofluids where the goals are to measure proteins or modified peptides (*e.g.* phospho-, methyl-, acetyl-, or ubiquitinated peptides) related to growth, development, genetic or chemical perturbation for biological studies. Another major focus of Tier 2 assays is to reduce an initial list of candidate biomarker proteins derived from discovery experiments to the subset that truly reflects disease presence, stage or response ([@B31], [@B35][@B36][@B37][@B38][@B39][@B40][@B41][@B42][@B43]--[@B44], [@B52][@B53][@B54][@B55][@B56][@B57]--[@B58]). Accomplishing this generally requires transitioning to a much more precise, reproducible, quantitative and higher throughput approach than was used in discovery---namely MRM and related targeted MS methods (*e.g.* parallel reaction monitoring ([@B59]))---and applying that approach to measure a defined set of analytes in a much larger, and independent set of samples than was used in discovery. This step in the biomarker discovery process is called "Verification" ([@B1], [@B43]). In the case of biomarker studies, particular attention needs to be paid to statistical experimental design, and to use randomization, replication and blocking to avoid introduction of systematic biases and maximize the ability of the experiment to detect true quantitative changes between groups ([@B60]).

Tier 2 assays need to have high selectivity, high repeatability and sufficient reproducibility and sensitivity to detect and quantify the analytes targeted and to enable assays to be standardized across laboratories, ([Table I](#TI){ref-type="table"}). Characterization of the analytical performance must be rigorous to establish that the above criteria are met, to facilitate transfer and implementation across laboratories and to help enable possible translation of a subset of these assays that may have value clinical relevance into Tier 1 assays. In contrast to Tier 1 assays where extremely well characterized and analytically validated assays are constructed to measure a few analytes of known interest to clinicians and drug developers across hundreds to thousands of samples, the analytes that are being analyzed in experiments using Tier 2 assays are often much less well characterized, deriving from literature, discovery proteomics or transcriptional profiling experiments and may have little or no prior established association with treatment or disease. Tier 2 assays are frequently highly multiplexed, targeting many tens to hundreds of analytes in a single assay.

###### Three Tiers of Targeted MS Measurements; experimental design parameters and assay characteristics are listed for each tier
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Neither regulatory agencies nor journals have provided guidance for analytical validation requirements of Tier 2 assays, but there was near consensus among the participants on what those requirements should be, and the need for authors to define the steps and practices used to establish the performance of their assays. The requirements for analytical validation of Tier 2 assays mirror those of Tier 1 beginning with the minimum requirement that stable isotope-labeled internal standard peptides for each and every analyte peptide be used. In addition to stable isotope-labeled tryptic peptides, labeled concatamer peptides ([@B61]), "wing" peptides, other extended sequences or full-length proteins (as described above) can also be used to improve precision, if available ([@B42], [@B46], [@B52][@B53][@B54]--[@B55]). The rationale for the use of labeled internal standards is the same as for Tier 1, specifically to provide confidence in the identity of each analyte monitored, to improve measurement precision, and to help compensate for suppression effects.

Unlike Tier 1 assays, the goal of Tier 2 assays is not necessarily to provide actual concentrations at the peptide or protein level. Instead, Tier 2 MRM assays may also be used to precisely and consistently measure *relative* changes in the levels of large numbers of targeted analytes across samples. For relative quantification of analytes using Tier 2 assays, the need for highly purified peptides of known quantity can be relaxed if properly validated, thereby reducing the cost for labeled peptide synthesis that is primarily driven by the cost of purification and amino acid analysis. However, use of unpurified peptides will compromise the ability to determine the LOD and LOQ of the assay. Unpurified peptides must still be analyzed with LC-MS, LC-UV, and/or MALDI-TOF-MS to demonstrate that the correct sequence has been synthesized and that the desired product is the dominant species.

As with Tier 1 assays, multiple assay validation steps are undertaken to build required confidence and acceptance of the assays ([Table 1](#TI){ref-type="table"}). These include the generation of response or calibration curves for each analyte in the relevant matrices and testing for the presence of interferences in multiple sources or multiple distinct pools of the matrix (*e.g.* biological replicates using different cultures of the same cell line(s) or pools of cell lines mixed in differing proportions). These experiments are typically performed in a minimum of full process (not technical) triplicate to measure reproducibility. Analytical validation of Tier 2 also includes measurement of assay precision, definition of the linear range and, when purified and quantified labeled reference peptides are used, determination of the LOD and LLOQ. A number of acceptable statistical methods exist for establishing these metrics for example, see [@B62][@B63][@B64]--[@B65], and it is more important that the developers of these assays state exactly what they did rather than used a prescribed method. The presence of high endogenous levels of analyte makes determination of LLOQ difficult. Established practice has been to use a similar matrix from an alternative species. Alternatively, so-called "reverse" curves run in the correct matrix may be used. In this approach, light peptide is added at a fixed amount while varying the amount of heavy peptide in response curves ([@B66][@B67]--[@B68]). Within-day and day-to-day variability are also measured to assess stability of assay performance over the time required to complete the measurements of analyte. Overall LC-MS instrument performance should also be assessed before, during and after sets of analyses using a system suitability check to ensure adequate and sustained performance of the analysis platform ([@B69]). How quantitation was performed and which transition or transitions for each analyte were used must be clearly described. In contrast to Tier 1, multiple distinct reference standards for each analyte are not required. Examples illustrating development of Tier 2 assays can be found in references [@B30], [@B31], [@B36], [@B37], [@B40], [@B51], [@B70], [@B71].

### Tier 3

Bruno Domon, Luxembourg Clinical Proteomics Center, and Ruth Huttenhain, UCSF (formerly ETH, Zurich) led the discussion of goals and requirements for Tier 3 measurements. Tier 3 measurements, while still using targeted MS approaches, are clearly distinguished from Tier 1 and 2 by the absence of use of labeled internal standards for each analyte targeted. As a result, Tier 3 measurements are best suited for comparative, semi-quantitative measurements of proteins, protein forms, or peptides in biological systems. Absence of internal standards for each analyte requires the use of additional chromatographic and mass spectrometric information to establish confidence in the identification and measurement of the analytes being targeted. The layers of evidence that are presently being used are described in more detail, below. When all available information about the peptides targeted is appropriately used, Tier 3 measurements are robust and powerful, representing a more refined higher throughput way to do what amounts to label-free, semi-quantitative discovery but with much better repeatability for target detection and measurement ([@B36], [@B37]). However, the absence of internal standards can diminish confidence in the identity of what is being measure and semi-quantified, and suppression effects cannot be accounted for which limits measurement accuracy and precision, enabling only rough estimations of changes in abundance for the same reasons that it is limited in the case of label-free discovery experiments (see [@B72] and references therein). Run-to-run variation in the performance of the LC-MS system can accounted for by monitoring for variation in the MS signal of spiked reference peptides or proteins known not be present endogenously in the samples analyzed (*e.g.* sequence unique *E. coli* peptide or protein spiked into a mammalian matrix, ([@B87])), but such reference materials do not compensate for the analyte-specific effects described above. Tier 3 measurements cannot be considered as truly quantitative, and, as with discovery proteomics experiments, observations from such measurements will generally require additional studies to verify the findings.

Analytical validation as carried out for Tier 1 and 2 assays, above, is not possible for Tier 3 targeted MS measurements. Instead, confidence in the reliability of analyte identification and quantification is built up through increasing layers of evidence including (1) complete co-elution or overlap of the entire set of monitored fragment ions for each analyte helps to establish that they come from the same species and not from different but nearly co-eluting analytes; (2) agreement of the m/z and relative ratios of precursor and fragment ions for the analyte measured compared with those of an authentic standard spectrum of each analyte; (3) correlation of the observed retention of the analyte to the predicted or previously observed retention of an authentic peptide; and (4) repeatability of the results across multiple biological or full process replicates. Absence of one or more of these layers greatly decreases reliability of the results. To fulfill criteria 2, above, reference relative ion abundance measurements from MS/MS spectra or from chromatogram libraries (both referred to as spectra, below) are needed for all targeted analytes to establish what fragment ions are produced and must be observed to confidently state that a specific analyte has been detected. Identification confidence improves with increasing mass accuracy and resolution for precursor and product ions, and with the number of fragment ions monitored and compared with reference spectra. Instruments with high resolution, accurate mass capabilities are beginning to be used for quantitative experiments (MRM-like) and the accurate mass measurement of the precursor and the fragments significantly improves the confidence of the analyses ([@B73], [@B74]). Reference spectra can be obtained from prior discovery experiments stored in public data repositories such as GPM ([@B75]), PeptideAtlas ([@B76]), PRIDE ([@B77]) and collections of curated MS/MS spectra such as SRMAtlas ([@B78], [@B79]). However, it is important to bear in mind that differences in fragmentation methods (*e.g.* collisional excitation *versus* resonance excitation) and collision energies used can have a significant effect on the relative ratios of peptide fragments, preventing use of ratio-matching as a criterion for identification. Therefore, the best reference spectra will derive from discovery proteomics experiments or analyses of unlabeled synthetic peptide standards on the same LC-MS platform and under the exact same analysis conditions as the samples to be analyzed. Increasingly, data-independent methods are being used for Tier 3 analyses ([@B80][@B81][@B82][@B83]--[@B84]). These experiments are done using *m*/*z* selection windows for fragmentation that are 4--25 Da in width, resulting in highly complex, overlapping MS/MS spectra. These properties severely limit the use of standard sequence assignment software to establish identity, again requiring the availability of reference spectra for identification.

Addition of a retention time standard to each sample enables correlation of peptide retention times across experiments and/or obtained under differing chromatographic conditions including differing columns, gradients, temperatures and flow rates ([@B85]). Use of retention times normalized to standard peptides provides much higher confidence in the identities of analytes measured, especially when labeled peptide standards for each analyte are not used, especially when more highly multiplexed analyses are carried out with relatively narrow RT windows. Other methods employing positive identification and retention time alignment may also be used to increase confidence in measuring target peptides.

A few examples illustrating development and application of Tier 3 measurements can be found in references [@B86][@B87][@B88]--[@B89]. In addition, several published studies have used Tier 3 measurements to help select targets from discovery proteomics studies for Tier 2 assay development (for example, see [@B36], [@B37]).

### Tools and Software for Analytical Validation, Analysis and Storage of MRM Data

Useful open source tools for the analysis of MRM data have recently been reviewed ([@B90], [@B91]), and new tools are being introduced at a rapid pace. Such tools are needed to reduce the need for labor-intensive and error-prone review of increasingly massive amounts of targeted MS data, and to achieve high quality, reproducible data analysis results within and across laboratories. Olga Vitek, Purdue University, DR Mani, Broad Institute, and Lukas Reiter, Biognosys led the discussion of statistical data analysis approaches and Eric Deutsch, Institute for Systems Biology and Brendan MacLean, University of Washington led a discussion of software tools for assay development and data-basing. The goal of these presentations was to describe the methods and tools that are being actively used in each Tier rather than to recommend one specific tool over another. Many separate software packages exist that facilitate assay development, analytical assay validation, data export, peak integration, data quality assessment, biostatistical analysis, and project management. Software specific to each vendor\'s instrument is provided as part of the instruments data analysis software. Proprietary second-party tools for data analysis, reduction and storage are also available for targeted MS data (examples include Indigo Biosystems (<http://www.indigobio.com/>) and Data Innovations (<http://www.datainnovations.com/>). These tools are most often used by clinical and diagnostic laboratories that generate very large volumes of data requiring high analysis reliability and data security. The FDA has also developed guidance for testing and validation of software used to design, develop, or manufacture medical devices ([@B92]). Increasingly powerful, highly flexible and more readily adaptable vendor-neutral software is now also widely available. These packages, such as mProphet ([@B50]) (<http://www.mprophet.org/>) and Skyline (93, <https://skyline.gs.washington.edu/labkey/project/home/software/Skyline/begin.view>), are being continually updated and optimized through user feedback and adaptation. The interested reader is referred the references and the websites cited for details as to what each tool does.

Skyline is a vendor-neutral tool for MRM assay development and data collection that accomplishes peptide and transition selection, collision energy optimization, method export, peak detection and peak integration. The majority of workshop participants indicated that they are active users of Skyline. Vendor-specific software also provide the above functionality, and the vendors have each made an effort to have the data acquired on that platform and the tools provided for analysis work together as efficiently and seamless as possible (*e.g.* MassHunter from Agilent; MultiQuant from Sciex; Pinpoint from Thermo). Skyline (with its related package called Panorama), aims to integrate and make seamless the entire workflow for assay development, data acquisition and data analysis overall. At present, no single package from either a vendor or open source accomplishes all required tasks for all analysis Tiers, so multiple packages need to be used.

Statistical data analysis using non-vendor supplied tools has, until recently, required the use of multiple tools including commercial products like JMP, SAS, Excel and/or open source tools like R to determine coefficient of variation (CV), regression slope and intercept (with confidence intervals), interference detection, and LOD and LOQ and to visualize the results in various plots. AuDIT ([@B49], [@B65]), QuaSAR ([@B94]), and MSstats (an R package that extends the previously developed package SRMStats ([@B95])) are recently developed open source tools that simplify and streamline these tasks. Both QuaSAR and SRMStats are available as external tools within Skyline (<https://skyline.gs.washington.edu/labkey/project/home/software/Skyline/begin.view>). Useful tools for label-free measurements used in Tier 3 include mProphet ([@B50]), Skyline, and SRMStats. The program mProphet, operates in a distinctly different manner, employing "decoy transitions" to model identification confidence and to determine presence of interference. To use this approach for label-free experiments, data on user defined decoy transitions for each peptide must be acquired in each run. When labeled peptides for each analyte are used, mProphet works more like traditional methods for determining confidence of identification and presence of interferences. The mProphet approach is also applicable to data independent acquisition and is currently implemented in Spectronaut (<http://www.biognosys.ch/hrm-mrm-tools/spectronaut.html>).

Participants of the workshop agreed that both raw data and processed results should be publicly available. For maximum benefit to the community, the results should be in a form that (1) makes it easy to understand what the assay measures and how reliable it is and (2) is easily transferred and used to configure assays/measurements in one\'s own laboratory. Public accessibility of all critical information necessary to construct assays for peptide/protein targets of interest as well as QC data demonstrating the performance of the assays will facilitate development of reliable MRM assays by researchers around the world as well as transitioning of assays to Tier 1 by clinical and *in vitro* diagnostic laboratories. Intense development activity is ongoing in this area, with some of the first examples of useful data repositories for MRM data having the capabilities described above being PASSEL ([@B96]) and Panorama (<https://panoramaweb.org>). The Clinical Proteomics Tumor Analysis Consortium is developing a portal for MRM assays targeting cancer-relevant proteins and modified peptides (<http://proteomics.cancer.gov/programs/cptacnetwork>). Panorama serves as a back end to the CPTAC assay portal, allowing scientists to search for assay details for peptides and proteins of interest. This portal will clearly define assay details (SOPs) as well as the quality metrics for each assay, including the results of the analytical validation studies conducted.

### Guidance for Reporting Results of Targeted MS Experiments

Workshop participants were also asked to consider what information authors need to provide in their manuscripts to enable reviewers and readers to clearly understand what was done and to evaluate the reliability of the peptide or protein quantification measurements reported. Guidelines for authors are already in place for quantitative discovery proteomic studies ([@B23]), but these guidelines do not explicitly address targeted MS analyses. Efforts have begun to define the minimum information that needs to be provided for quantitative proteomics experiments, including those involving targeted MS analyses. These efforts are largely focused on deposition of data into public repositories like PRIDE ([@B97]). Providing such information, which requires manual entry of information in multiple free-form text fields, is generally considered burdensome. As a result, compliance is low and the information provided is often incomplete. The published manuscript describing the study remains the best public source of information regarding how the experiments were carried out and why. There is increasing recognition on the part of journals that, in addition to requiring deposition of the raw data, they need to do more to try to ensure that the results of experiments reported in the papers they publish are reliable and reproducible, and that the statistical analysis methods used are appropriate ([@B98]). Without clear demonstration of reproducibility in biological replicates the validity of the results of targeted MS studies (and, by extension, all scientific results) are open to question.

Although there was insufficient time for the participants to fully develop a set of guidelines for authors, some general recommendations that apply to all targeted MS analyses emerged. One guiding principal is that authors need to provide sufficient experimental detail to enable replication of work by others, regardless of Tier. To accomplish this, authors will likely need to provide more extensive experimental sections in papers. All details of the experimental design must be described, including how the assays/measurements were constructed, the assay performance achieved for each analyte, how measurements were analytically validated, and how interferences were assessed. Authors should describe how or why they selected the level of analytical validation employed and explain how this is fit-for-purpose given the goals of the experiment and the likely use of the results. All analytical validation data for assay performance should be included in the publication as supplement to allow the reader to independently assess assay quality. Authors need to describe, in detail, the methods used for data analysis and quantification including all statistical methods employed and what assumptions are being made. Simply stating that a certain analysis package was used is insufficient. Authors are encouraged to consistently use standard nomenclature for key terms regarding validation and quality assessment. As noted above, there was unanimous agreement that raw data should be made available in public repositories together with methods files containing reference spectra for all peptides selected, lists of transitions monitored, and all instrument parameters (dwell times, collision energy, etc.). Skyline files were again highlighted as providing a simplified way to provide this information.

The more detailed recommendations of the working groups are informing a set of draft guidelines for authors submitting papers employing targeted MS approaches. These will be presented in a subsequent issue of this journal following a period of public comment.

SUMMARY AND CONCLUSIONS
=======================

The meeting participants identified three "Tiers" of targeted MS measurements defined by the analytical goals of the experiments and the required performance characteristics of each using a "fit for purpose" approach. Within each Tier, the experimental evidence and analytical validation steps needed to establish that the tests reported are working as intended and achieving the required levels of performance were also defined. Computational and statistical tools useful for the analysis of targeted MS results were discussed. At the highest level, targeted MS-based assays in Tier 1 and 2 have two properties that together differentiate them from discovery experiments: (1) ability to repeatedly measure sets of analytes of interest within and across samples/experiments and (2) employ internal standards for each analyte for confident detection and precise quantification. Tier 3 measurements, useful in early-stage biological studies, enable repeatable measurement of the same sets of analytes across experiments but that do not employ internal standards for either accurate or precise measurement of the levels. These methods do not constitute assays, but rather are a different way to do discovery proteomics. While the focus of the meeting was on use of the well established targeted MS methods of MRM on triple quadrupole instruments, several of the speakers discussed the use of new data acquisition and analysis methods such as data independent analysis ([@B80][@B81][@B82][@B83]--[@B84]) and Parallel Reaction Monitoring ([@B59], [@B99]). High resolution, accurate mass analysis and parallel reaction monitoring are of particular interest for targeted assay development owing to their greater analyte specificity, reduction in potential interferences from analytes with similar precursor and product-ion masses, and potential for greater dynamic range. Like traditional MRM methods, papers employing these methods must contain adequate and appropriate data and results demonstrating that the required performance metrics for the measurements have been met.
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